[.Mlay 20, 19431 DISCUSSION ON IMMERSION INJURIES AND VASOMOTOR DISORDERS OF THE LIMBS IN WARTIME Professor J. R. Learmonth: Vasomotor disorders encountered during total war assume special importance in the surgery of the extremities. When these disorders attend wounds caused by missiles of high velocity, which are characterized by a vide zone of disruption of tissue, the local results of ischaemia are often immediate, extensive and irreversible; while ischaemic tissues may survive the initial insult, only to be destroyed later, or even to destroy life, as a consequence of their diminished capacity to resist infection. Moreover in total war the surgeon no longer deals only with healthy young males, and so with resilient blood-vessels; any age-group of the population may come under bombardment, or be exposed to extremes of cold; and when the patient is old enough to have organic changes in his vessels, he may lack sufficient vascular reserve to tide him over a vasomotor crisis.
The following classification is for descriptive purposes only and does not indicate exact pathological subdivisions. A. Arterial spasm.-Arterial spasm in the vessels of an extremity may be local or general, more commonly the latter. Local spasm may result from an injury to an arterv which is insufficient to produce gross changes in its coats, although in my experience it is verv difficult at operation to decide the extent of injury. It is likely that when there is macroscopic evidence of significant adventitial inJury, there is also present more extensive intimal damage, and the pathological end-result is local thrombosis. The consequences of blockage of a main vessel vary with many factors; in practice the most important are the age of the patient, and the limb affected. The total final arterial input depends on the availability of collateral channels, and this may be materially reduced bv reflex vasoconstriction. While pure local spasm is probably a temporary condition. there is no doubt that when spasm involves the general arterial tree it may jeopardize the vitality of the whole or part of a limb. The clinical problem. is to maintain the vitalitv of the tissues, and this may be attacked in two ways: (1) by the avoidance of local heat, which increases local metabolism, and by the application of local cold, which reduces metabolism to a point at which the diminished blood supply is sufficient to maintain vitality; and (2) by attempts to relax the spasm. I have found spasm resistant to periarterial sympathectomy proximal to the lesion, to heating of the body elsewhere in order to produce reflex vasodilatation, and I have seen it occur when preganglionic vasoconstrictor fibres had been interrupted by spinal anaesthesia In my experience general acute spasm persists in spite of treatment as long as a local arterial lesion is present; and I have found it present in the arm, when all the nerves of the limb save one (the circumflex) had been interrupted. In this instance it disappeared abruptly after removal of a thrombosed segment of the axillary artery. General arterial spasm may also occulr after arterial wounds treated by ligation, and sometimes it is curiously selective in its effects: thus in one case, after ligature of the brachial artery in mid-arm, the flexors of the wrist acted nearly normally, although the flexors of the fingers underwent ischaemic necrosis.
In my opinion the possibility of local spasm or local thrombosis is an indication for surgical exploration or re-exploration of the affected artery at the earliest possible moment.
B. Traumniatic arteritis. Occasionally in the main arteries of young men thrombi form, the microscopical examination of which suggests a traumatic origin. The clinical features of these cases suggest ischemia as their explanation, and this is contributed to by reflex vasoconstriction of the collateral tree. In these more chronic cases I have found that preganglionic sympathectomy improves the distal circulation, but the correct pro-cedurel is to remove the thrombosed segment cleanly, and 'thus to remove the stimulus to constriction of the alternative vessels; the origins of these from the parent trunk must of course be carefully preserved.
C. Traumatic venous thrombosis.-It has been suggested by Ochsner and de Bakey (1940) (Lewis and Pickering, 1936) , and the presence of a focus of inflammation (Richards, 1943 At 12,000 feet he began to suffer a " fierce ache " in his hands and wrists; colour changes I I have treated one patient (who remains well after two years) by preganglionic sympathectomy alone.
were not present. A few hours after landing he was quite better. After this episode he had similar attacks when above 12,000 feet, although he was always suitably clothed. In the third of these, and in subsequent attacks, the medial three fingers of both hands became blanched up to the proximal interphalangeal joints. Four years later, although he had been employedi on ground duty only, he was still having similar attacks which were worst in cold weather, particularly in the early morning; and recently the tips of the index fingers had also been affected. The vasoniotor responses in this patient's digits showed that the digital arterioles were in a state of spasm; full reflex vasodilatation was not reached until the feet and legs had been heated at 45' C. for fifty minutes (normal fifteen to thirty minutes), although the ultimate skin temperatures (32' to 35' C.) were high enough to exclude any notable organic narrowing of the vessels.
(ii) Initial " attack " following change of occupation: stubsequenit repeated attacks.-A patient aged 25, by occupation a cinema-operator and accustomed to work in a hot environment, went to Army duty in the north of Scotland. In summer, while working on the metal of a high pylon, he had his first attack, in which all the fingers of both hands became first dead white and cold, then blue, then fiery red. During the following winter these attacks became more frequent, and interfered with his military duties. No evidence of cardiovascular disease was found, the fingers reaching full vasodilatation level in the normal time.
(iii) Previous attacks resulting from use of vibrating tool: accentuationl on mobilization with Army.-This patient, aged 35, had suffered from numbness and coldness of both hands for eight years prior to 1939; ;his trade was that of shoemaker, and to fix solees to boots he used a mechanical vibrating tool. All digits of both hands were affected, the right hand more than the left. The attacks became more frequent during his Army training, which exposed him to cold and wet; the index, middle and ring fingers were affected in that order of severity, the fifth fingers escaping. The vasodilator responses were less satisfactory in the right hand than in the left, and least satisfactory in the index fingers, where organic changes were already present in the arterioles.
(iv) Accentuation of previously existing attacks on change of climate.-A soldier, aged 20, had suffered for six years from blueness, coldness, and swelling of his hands in cold weather. His home was in the south of England, and there he managed fairly well if he kept indoors in winter. His unit in the Army moved to the north of Scotland, and he was much out of doors in cold weather; the attacks became severe enough to interfere with his handling of weapons, and also affected his feet and toes. There was an adequate vasodilator response in both hands.
(v) Hereditary cold fingers: no accentuation of attacks inl cold dry climate; marked accentuation in cold wet climate.-This soldier, aged 21, had had blue hands all his life. In cold weather they became a much deeper blue. His civil occupation was that of oiler of railway locomotives, and it is of interest that the constant film of oil with which his hands were covered during working hours did not change the nature or incidence of his attacks. A dry cold climate in which he served for two years did not seem to intensify the attacks; indeed he thought the condition of his hands was on the whole less incapacitating. However, on his transfer to a cold wet climate the attacks became more frequenit and more severe. There was no evidence of cardiovascular disease, and both hands showed good vasodilator responses.
Abnormal sensitivity to cold and/or wet may greatly reduce the military usefulness of a soldier. In times of peace, one can give advice on suitable clothing, and on the avoidance of the effective stimulus-usually wet cold-which precipitates the attacks; and in extreme cases improve the circulation in the digits by preganglionic sympathectomy. In times of war exposure to cold and wet may be obviated by recommending if possible a transfer to a theatre of war in which the climate is warm and dry; this is the procedure when the technical skill of the soldier is a military asset. In other cases the soldier may be returned to civil life, if his original trade is making a direct contribution to the wareffort; industrial condition's are less likely than military to provide the effective stimuli for incapacitating attacks. In time of war treatmen't by sympathectomy has a small place in the management of 'such cases.
C. Immersion foot.-T7he first important point is the scrupulous avoidance of a too rapid return of blood-flow to the chilled parts, whether induced by local heating (e.g. during first aid) or by interruption of sympathetic vasoconstrictor fibres. I have found it useful to nurse these patients on the face, with feet and legs uncovered and elevated, by an open window in default of a fan. The second point is that the surgeon's attitude must be almost rigidly conservative, and this may require much patience. Formal high amputations should be reserved for the rare cases in which gangrene has been extensive, or aggravated by sepsis. The third point is the provision of some form of arch-support in cases of paralysis of the small muscles of the feet; this, should be worn during graduated walking exercise, until these muscles recover power. I am indebted to Dr. Davidson, Chief Medical Officer to the Department of Health for Scotland, for permission to utilize certain case records.
Surgeon Commander C. C. Ungley, R.N.V.R.: In the first place I shall summarize the main clinical findings and indicate degrees of severity which may occur. "Men exposed in open boats or rafts, with their limbs immersed in sea water at -1-9 to 100 C., may show evidence of damage to peripheral vessels, nerves, muscles and skin. A similar condition may affect extremities exposed to cold without immersion, provided the 'degree of cold is insufficient to cause frost-bite.
"After a short prehyperaemic stage there is a stage of hyperamia in which the affected parts become hot, red and painful, more swollen and perhaps blistered. Gangrene, if present, is nearly always superficial. In severe cases the results of nerve degeneration in the cooled tissues are evident in sensory loss, motor, vasomotor and sudomotor paralyses.
"In the post-hyperemic stage inflammation subsides, vascular tone recovers, the skin temperature falls and the vessels may become hypersensitive to cold. By this time the patient is usually free from swelling, pain and tingling. Complete recovery, which must await regeneration of peripheral nerves, is preceded by signs suggesting partial reinnervation of end-organs and effector organs-cooling (with a cold-sensitive state), partial recovery of sensation (with hyperpathia) and of sweating (with marginal hyperhidrosis).
"Late sequels include recurrence of pain, tingling, swelling or blisters; persistence of a cold-sensitive state or of hyperhidrosis; and occasionally circulatory defects suggestive of vascular occlusion." (Summary from Ungley and Blackwood, 1942.) A useful criterion for classifying severity has been the degree and extent of anaesthesia to cotton-wool at seven to twenty-one days after rescue. Cases fall into the following groups:
A. Minimal cases with no, or at most, transient interferentce with nerve ftunction.
Cases had either transient cedema (group I) or transient cedema and tingling (group II), and no anaesthesia was observed seven to twenty-one days after rescue. CEdema and tingling subsided completely within a week. Occasionally pains began in the second week. Some patients were left with cold-sensitive hands and feet.
B. Rather mild cases with reversible nerve damage.-In this grade I have included groups III and IV with sensory loss to cotton-wool almost entirely confined to parts of the plantar surfaces of the feet and to the tips of the toes. In the great toes vibration sense was lost. In about 25% of the cases, joint sense was normal or only slightly impaired. Weakness of toe movements persisted for a few weeks, but there was little or no impairment of electrical reactions, and the feet seldom became wasted. Blisters and gangrene were not present. CEdema lasted one to three weeks. Tingling, stabbing pains and hyperaestihesia usually disappeared .within two -to four weeks. The hyperaemic stage lasted from three to seven weeks. Within isix lto nine weeks all signs had disappeared and sensation was usually normal or practically normal. Average stay in hospital was six to eight weeks, and men returned to full duty ashore or afloat wit,hin three or four months after rescue. Late sequels included excess sweating and a cold-sensitive state in the extremities.
C. Moderately severe cases with irreversible (degenerative) nerve lesions.-In this grade I have included groups V, VI and VII. In all of them there was complete loss of sensation to cotton-wool over the plantar surfaces of the feet, and in the most severe, the anzesthesia extended almost to the top of the malleoli. The dorsum and sides of the feet were involved to an extent varying from toe ends to just short of the ankle-joints. In the great toes, vibration sense was nearly always absent, and joint sense frequently much impaired. Power in the great toes was diminished or lost. Small muscles of the feet were weak, wasted and showed impaired responses to electrical stimulation. The feet were blistered in nearly half the cases. In some of the more severe, there was superficial gangrene. CEdema, slight or severe, usually lasted two to three weeks. There was a wellmarked state of hyperaemia in all cases, lasting from five to fourteen. weeks, according to severity. Tingling lasted six to eight weeks, and pain six to fourteen weeks. Hyperasthesia might pass off in six or eight weeks, but often persisted for many months. The degree of sensory loss six months after rescue was often considerable. The average stay in hospital varied from nine weeks in the milder cases In investigating possible cauises for hypercmia in immersion foot, we endeavoured to determine whether the skin vessels in the affected parts showed the sensitivitv to adrenaline, which is known to occur eight to ten days after postganglionic svmpathectomy, when vasoconstrictor fibres have degenerated (Freeman, Smithwick and White, 1934) .
In a moderatelv severe case (Case A), insulin tests carried ouit at twentv-nine, sixtvfour, eighty-eight and ninety-eight days all showed that the vessels of the great toes were sensitized to adrenaline. Vasoconstriction in the skin vessels of the toes was indicated by a sudden fall of temperature, often amounting to 6°to 7°C. (Ungley, 1943) we showed that fan cooling could keep the temperature of the toes down for long periods. The chart in that paper shows gradual fall which can be obtained by running the fan slowly, well away from the feet. With the fan turned on full 12 in. from. the feet, however, there was a rapid and more considerable fall. When, after a short period, the fan was turned off, there was a sharp rise, followed by a more gradual return to the resting level (Case A at forty-eight days). Later when the hypereemic stage was less stable, cooling the feet with the fan sometimes resulted in the toes remaining cold for a prolonged period, even after the fan was turned off (Case A at sixty-two days, Case B at eighteen days). DISCUSSION Findings in the early hyperaemic stage are, in respect to temperature gradients, vasomotor responses, and sensitization to adrenaline, comparable with those found after postganglionic sympathectomy.
The changes in skin temperature during and after fan cooling are more difficult to explain. An ideal control for these observations would have been a normal limb subjected to postganglionic sympathectomy more than ten days previously, to allow time for adrenaline sensitization to develop. It must seldom happen that normal limbs are subjected to long-term postganglionic sympathectomy, and the best control we could obtain was an acute sympathectomy, induced by a spinal anaesthetic, in a patient with normal vasomotor reactions, and with no sensitivity to circulating adrenaline, induced by insulin hypoglycaemia. As a result of the spinal anaesthetic, the feet, like those during the hypenemic stage of immersion foot, were hot and dry. When the fan was turned on, there was an abrupt fall of about 70 C., followed by a slight and gradual fall. When the fan was turned off, the skin temperature rose abruptly about 70 C. This abrupt return to the original skin temperature suggested that cooling had not given rise to any significant degree of vasocormstriction. In this experiment, presumably all vasoconstrictor impulses were completely blocked, and there was no sensitization to adrenaline. The results obtained were in sharp contrast with those observed in the hyper2emic stage of immersion foot, in which adrenaline sensitivity has had time to develop, and where interruption of vasoconstrictor fibres is sometimes partial rather than complete.
The (Ungley and Blackwood, 1942) . At first the skin is invariably hot, but later the hyperoemic stage is less stable: parts which are rendered cold, e.g. by fan cooling, may fail to warm up for long periods, despite attempts at reflex vasodilatation. This phenomenon of delayed warming up may continue to occur in the post-hyperaemic stage, and is probably related to the "cold-sensitive state", which is a frequent sequel to immersion foot. Both may be the result of partial denervation, or partial re-innervation of skin vessels, with sensitization of these vessels to adrenaline, or adrenaline-like substances, and possibly increased sensibility to cold on the part of the vessels themselves.
Dr. W. Blackwood [A bstract]: The paper recorded histological and experimental findings in immersion foot. The human material consisted of one foot from a man who died half an hour before rescue and of tissues from feet and legs removed from survivors from two to twenty-six months after rescue. In the majority of the surviving cases peripheral sepsis was present. The histological appearances suggested that at the time of immersion damage was done to all the structures in the limb of a degree and to a level dependent upon the length and severity of exposure. In particular, damage was done to nerves and muscle, with some damage to veins. Changes in skin and bone await further study.
The nerves had the greater proportion of their axis cylinders and myelin sheaths killed.
Muscles were probably damaged directly. Haemorrhage from and thrombosis of veins and venules might occur. All these changes were curiously patchy, but increased peripherally. After rescue the nerves began to regenerate. Axis cylinders grew down slowly and myelinization occurred very slowly. Organization and recanalization of thrombus occurred in the veins. Muscle might await re-innervation or be replaced by fibrous tissue.
The experimental work carried out in conjunction with Dr. Russell consisted of exposing. the tails of rats to cold artificial sea water for varying lengths of time, and studying the' changes after rescue. Patchy damage was found to be produced in nerve and muscle. In rats recovering up to two months the nerves showed persisting partial Wallerian degeneration. The muscles ishowed acute patchy changes similar to Zenker's necrosis, followed by inflammatory and regenerative processes and later by atrophy due to denervation. The implication was that early changes in the human may well be similar to those seen in the rats, but early human histological material had not so far been seen.
An account of the experimental work on rats will be published shortly, in more detail, in the Edinburgh Medical Journal. It is hoped to submit a paper on the histological findings in human material to the British Journal of Surgery in the near future.
Dr. John B. Gaylor said his remarks followed on what Surgeon Commander Ungley had said about the cold-sensitive stage of immersion foot. Vascular tests performed on a patient one year and two years after prolonged exposure in an open boat showed pathological failure (of reflex vascular dila'tation. One year after exposure it wa's impossible to elicit any vascular response even when the initial skin temperature was raised to facilitate the reflex. Two years after exposure a slow dilatation occurred reflexly when the initial skin temperature was raised well above that of the environment. At the time of the latter observations the toes were still aniesthetic. This lag in regeneration of cutaneous innervation might be taken as being a direct result of the persistently poor vascularitv of cold-sensitive skin.
Dr. Raymond Greene said that one important point was the treatment of frost-bite and immersion foot by various means which aimed at interrupting the sympathetic supply to the peripheral vessels. There had been a spate of papers by French, German and Russian surgeons recommending local novocain infiltration, nerve block, lumbar sympathetic injection and sympathectomy. All these papers described uncontrolled observations, and they could hardly be taken seriously in a disease which is notoriously likely to recover of its own accord. One author, Lawen, reported that he obtained no beneficial results. Orloff of Archangel published a paper in which he claimed to have protected the tails of rats completely by novocain injection of the proximal ends six hours after freezing, but his paper contained many points wide open to criticism. For instance he used a method of freezing by which standard results could not be obtained. Dr. Greene used a method of freezing by which standard damage could be done and he had failed to do any good by novocain injections of the tails of mice. He had also experimented on human volunteers, and had produced small areas of frost-bite on the forearms, surrounding one side with novocain and leaving the other as a control. OnI others he had frozen small areas on the fingers and had given a median and ulnar nerve block on one side. Neither method had significantly affected either the onset of blistering or the ultimate damage. With the assi-stance of a surgical colleague, he had frozen the hind limbs of a few cats with carbon dioxide and acetone and then had done a lumbar sympathectomy on one side. Either complete recovery or equal damage occurred. He did not want to lay too much stress on these few experiments, but he would be surprised if further work contradicted them. The method seemed to be based on a fallacy. Commander Ungley's work showed that the cold had performed a postganglionic sympathectomy. Therefore, until regeneration began, nothing would happen as a result of further interference, whether this was preganglionic or postganglionic. In the later stage of cold sensitiveness, which corresponds to that of partial renervation, there might be some point in turning a postganglionic into a preganglionic sympathectomy. It was sometimes said that an increase in the calibre of the vessels, supposing this to be possible, might dislodge a stasis column and so free the circulation to distal tissues, but it might equally well be argued that an increased arterial supply might increase transudation from the damaged vessels and so do more harm than good. However, patients were rarely seen before dilatation was already maximal, and there was a mass of evidence which suggested that it was at that stage that most of the acute damage was done.
Sir Thomas Lewis spoke of the enterprising way in which the present wartime opportunity was being seized and of the importance of the observations which were being made on immersion foot, observations which Professor Learmonth, Commander Ungley, and Dr. Blackwood had so interestingly displayed. He emphasized that there was now in these and correlated observations abundant and direct evidence that cold, qua cold, damages the tissues of immersed limbs; that the.damage is proved to be the greater the longer the exposure and the greater the degree of cold; and that sooner or later the damage affects all tissues, skin, muscle, blood-vessels and nerves. From what previous speakers had said, it affects the vasomotor nerves and leads to paralysis of these like other nerves.
In considering sympathectomy as a remedy for immersion foot it was important to realize that this seems to have been advocated chiefly for a particular phase of recovery; not for the initial hot phase, but for a rarer and algid phase of later phases of recovery. In some such cases there appeared to be evidence of a spasmodic state of the main artery of the limb. Both here and in thrombosis of the vessel, decortication or arterectomy was also being advocated, and the hypothesis put forward that these precedures are capable of breaking down a reflex constriction of collateral vessels.
It should be recognized that there is no physiological sanction' for proposing such a reflex. The fact was that releases effected by arterectomy would, if confirmed, be an important addition to knowledge and would be acceptable as such, irrespective of hypothesis; but the hypothesis put forward would require physiological sanction or proof and this it could not yet be said to have received.
